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Abstract 

Erythropoietin and its receptor function as primary 
mediators of the normal physiological response to 
hypoxia. Erythropoietin is recognized for its central 
role in erythropoiesis, but studies in which recombin- 
ant human erythropoietin (epoetin alfa) is injected 
directly into ischaemic rodent brain show that ery- 
thropoietin also mediates neuroprotection. Abundant 
expression of the erythropoietin receptor has been 
observed at brain capillaries, which could provide a 
route for circulating erythropoietin to enter the brain. 
In confirmation of this hypothesis, systemic adminis- 
tration of epoetin alfa before or up to 6 h after focal 
brain ischaemia reduced injury by 50-75%. Epoetin 
alfa also limited the extent of concussive brain injury, 
the immune damage in experimental autoimmune 
encephalomyelitis and excitotoxicity induced by kai- 
nate. Thus, systemically administered epoetin alfa in 
animal models has neuroprotective effects, demon- 
strating its potential use after brain injury, trauma and 
multiple sclerosis. It is evident that erythropoietin has 
biological activities in addition to increasing red cell 
mass. Given the excellent safety profile of epoetin alfa, 
clinical trials evaluating systemically administered 
epoetin alfa as a general neuroprotective treatment 
are warranted. 
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Introduction 

The most well-known action of erythropoietin is its 
haematological effect, whereby in response to hypoxia 
the kidney produces erythropoietin, which targets 
erythroid progenitor cells to increase the number of 
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mature red blood cells, thereby increasing oxygen 
delivery [1]. The mechanism of this regulation of red 
blood cell production is primarily an anti-apoptotic 
effect on committed erythrocyte precursors, rather 
than a stimulation of growth or development [2,3]. 
Apoptosis may occur at any of several points along the 
pathway of development from erythrocyte precursors 
to mature erythrocytes in the bone marrow, e.g. as 
erythroid colony-forming units develop into pro- 
erythroblasts, or as pro-erythroblasts develop into 
reticulocytes. In the bone marrow, erythropoietin inter- 
acts with a specific receptor to up-regulate a family of 
genes known as bcl-2, which has been associated with 
inhibition of apoptosis of erythroid cells. This anti- 
apoptotic mechanism of erythropoietin appears to be 
important in other tissues, in which erythropoietin has 
been shown to operate. 



Effects of erythropoietin in the central nervous 
system 

Using available methods to examine erythropoietin 
production and receptors in other tissues, the brain 
was found to have an abundance of both. For example, 
in response to hypoxia, astrocytes produce erythro- 
poietin, which then interacts with specific receptors on 
neurones and increases their tolerance to hypoxia [4]. 
Neurones themselves also produce erythropoietin in 
response to hypoxia [4]. The mechanism of tolerance to 
hypoxia in these brain cells can be presumed to be 
similar to that in bone marrow, i.e. an anti-apoptotic 
effect. 

For many years, it was assumed that erythropoietin, 
a large glycoprotein, would not cross the blood-brain 
barrier, which is thought to be impenetrable to 
molecules >500 Da. Studies of cytokines, however, 
suggested that preferential transport across the blood- 
brain barrier may exist for some types of larger 
molecules [5], and erythropoietin is now known to be 
one such molecule. Immunocytochemical techniques 
have shown that the erythropoietin receptor can be 
found within and around brain capillaries in animals 
and humans. Transmission electron microscopy 
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confirms that the predominance of anti-epoetin alfa 
receptor immunoreactivity is within astrocytic endfeet 
surrounding capillaries and within or on the surface 
of capillary endothelial cells [6]. These observations 
suggest an anatomical basis for direct transport of 
erythropoietin from the systemic circulation into the 
parenchyma of the brain across the blood-brain 
barrier in the absence of any neural insult. This 
hypothesis has been confirmed using biotinylated 
epoetin alfa in experimental animals [6], At 5 h after 
systemic injection, biotinylated epoetin alfa was 
observed around capillaries and extending into the 
brain parenchyma, but not around the larger vessels, 
suggesting a specific transport mechanism. In addition, 
co-injection of excess amounts of unlabelled epoetin 
alfa significantly reduced the amount of biotin label, 
consistent with a specific and saturable transport 
mechanism. Also, epoetin alfa administered peri- 
pherally to rats appeared in the cerebrospinal fluid after 
~1.5 h and peaks at ~1% of the peripheral concen- 
tration at 3.5 h post-administration (unpublished 
observations). 

It has been shown that epoetin alfa injected directly 
into the parenchyma can prevent stroke damage in 
experimental models [7]. However, a more practical 
approach in a clinical context would be to determine 
whether systemically administered epoetin alfa can 
prevent brain damage. Four animal models of brain 
damage have been investigated in this way: a focal 
ischaemia model; a cortical impact injury model; an 
acute experimental allergic encephalitis model; and a 
kainate toxicity model [6]. 

Focal ischaemia (stroke) model 

In the focal ischaemia (stroke) model in rats, perman- 
ent occlusion of the middle cerebral artery and 
homolateral carotid artery followed by a 1 h reversible 
occlusion of the contralateral carotid artery is used to 
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produce an area of brain damage consisting of an 
ischaemic core (related to the permanent occlusion) 
surrounded by a penumbra of reperfusion damage 
(related to the reversible occlusion) [6). The cells in the 
penumbra are induced to undergo apoptosis. After 
24 h, the animals are sacrificed and the volume of 
damaged brain measured using computerized image 
analysis. Epoetin alfa, 5000 IU/kg intraperitoneal^ 
(i.p.), given 24 h before arterial occlusion, significantly 
reduced the volume of damaged brain by ~75°/o 
compared with control animals given saline [6]. The 
damage that remains despite pre-treatment represents 
primarily the ischaemic core. Furthermore, epoetin 
alfa could be given at any time up to 3 h after arterial 
occlusion and still provide protection against infarc- 
tion (Figure 1) [6]. Even administration at 6 h after 
arterial occlusion provided ~50% protection, though 
by 9 h the therapeutic window was closed. 

The anti-apoptotic nature of the protection afforded 
by epoetin alfa has been demonstrated very recently 
using TUNEL labelling, which identifies dead neu- 
rones. The number of TUNEL-positive neurones in the 
ischaemic penumbra after focal cerebral ischaemia was 
markedly reduced in the brains of animals who 
received epoetin alfa compared with control animals 
that received saline [8]. 

Cortical impact injury (blunt trauma) model 

In the blunt trauma mouse model, a blow is delivered 
to the intact calvaria by a calibrated pneumatic piston. 
This mechanical insult delivered to the brain elicits 
elements of ischaemic, excitotoxic and inflammatory 
injury and, if severe enough, produces a cavitary lesion 
after 7-10 days [9]. The brain is fixed, sectioned and 
stained 10 days after injury. When the mice are treated 
with epoetin alfa, 5000 IU/kg i.p., starting 24 h before 
or 0, 3 or 6 h after the blow and continuing for a 
further 4 days once daily, the volume of injured brain 
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Fig. 1. Infarct volume after middle cerebral artery occlusion with or without epoetin alfa treatment. Male rats were given saline or epoetin 
alfa, 5000 IU/kg i.p., from 24 h before to 9 h after permanent middle cerebral artery occlusion with reversible carotid artery occlusion. 
(Reproduced with permission from [6].) 
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Fig. 2. Volume of cortical impact injury with systemic epoetin alfa treatment. Mice were given saline or epoetin alfa, 5000 lU/kg i.p. } 24 h 
before blunt cortical impact from a calibrated piston. Epoetin alfa was continued for 4 days after injury. Extensive cavity necrosis was seen 
when examined 10 days after injury if treated with saline, in contrast to the minimal injury observed in the epoetin alfa-treated mice. 
(Reproduced with permission from [6].) 
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was significantly reduced by up to 90% compared with 
animals that received only saline (Figure 2) [6]. As in 
the focal ischaemia model, the therapeutic window 
extended to ~6 h after injury. 

At a higher magnification, the necrotic core of the 
injury in animals treated with saline is seen to be 
surrounded by a large number of mononuclear inflam- 
matory cells, which have migrated into the injured area 
and are probably responsible for much of the damage 
that occurs. In mice treated with epoetin alfa, however, 
very little inflammatory infiltrate was seen [6], indicating 
that epoetin alfa may also act as an anti-inflammatory 
agent in this type of injury. Thus, these experiments 
demonstrate the ability of systemically administered 
epoetin alfa to protect brain tissue from blunt trauma. 

Acute experimental autoimmune encephalitis model 

The reduction of the inflammatory response by epoetin 
alfa in the model of cortical impact injury suggests that 
epoetin alfa might be effective in other central nervous 
system (CNS) diseases where an inflammatory compon- 
ent is observed. This hypothesis was analysed in a rat 
model for acute experimental allergic encephalitis, 
an animal model for multiple sclerosis induced by 
immunization of animals with guinea-pig myelin 
basic protein and complete Freund's adjuvant [6]. 
This animal model is considered a typical inflamma- 
tory pathology of the CNS, as demonstrated by the 
protective action of several anti-cytokine molecules. 



Immunized animals develop clinical symptoms 
within 10 days, which peak with an increasing degree 
of paralysis at day 12. Daily administration of epoetin 
alfa, 5000 IU/kg i.p. at day 3 after immunization for a 
period of 15 days, delayed the appearance of symp- 
toms, and also significantly reduced the degree of par- 
alysis compared with saline treatment (Figure 3) [6]. 
Studies for 3 weeks after epoetin alfa was discontinued 
showed no recurrence of symptoms in these animals, 
as is typically observed after discontinuing treatment 
with glucocorticoids or interferon-/? [10]. However, the 
clinical manifestations observed with epoetin alfa in 
this model are consistent with anti-inflammatory 
agents such as glucocorticoids. These findings, together 
with those from the model of cortical impact injury, 
suggest that epoetin alfa has an anti-inflammatory 
action in inflammatory pathologies of the CNS. 

Kainate toxicity model 

Studies in cell culture suggested that apoptosis may be 
induced by conditions other than hypoxia, including 
addition of the glutamate analogue kainate [8]. Systemic 
administration of kainate in experimental animals, 
increases brain excitotoxicity, which is a prominent 
feature of many forms of brain injury, causing seizures 
and, ultimately, death [11]. The effect of epoetin alfa 
on kainate-induced excitotoxicity was analysed in a 
toxicity model, in which the severity of seizures and 
time to death are measured in female mice. 
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Fig. 3. Protective effect of epoetin alfa against acute experimental allergic encephalitis. Rats immunized with myelin basic protein and 
Freund's complete adjuvant received saline (PBS) or epoetin alfa, 5000 lU/kg/day i.p., starting 3 days after immunization. Epoetin alfa- 
treated rats show a delay in reduction of symptoms of experimental autoimmune encephalomyelitis (EAE). (Reproduced with permission 
from [6].) 
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Fig. 4. Protective effect of epoetin alfa against death due to kainate- 
induced seizures. A single dose of epoetin alfa administered 0, 1, 2, 3 
or 7 days before kainate 20 mg/kg i.p. administration continues to 
provide protection from kainate seizures for at least 3 days. (Modified 
from [6].) 



Animals receiving epoetin alfa (5000 lU/kg, 24 h 
before administration of kainate) exhibited a significant 
reduction in mortality by ~ 45% compared with control 
animals and a significant increase in mean survival time 
of 42%. With lower doses of kainate that did not cause 
death, the severity of seizures was markedly less than in 
control animals. A single dose of epoetin alfa provided 
protection for at least 3 days (Figure 4). However, 
epoetin alfa did not protect against kainate toxicity if it 
was given 30 min before kainate or after the develop- 
ment of seizures. In contrast, conventional anti- 
epileptic agents can protect against kainate toxicity 
when given at the same time as or slightly after kainate 
administration, but protection depends on their con- 
tinued presence [6]. These findings suggest that the 
protective effect of epoetin alfa on excitotoxicity is 
based on a different mode of action compared with 
conventional anti-epileptic agents, and presumably 
involves activation of gene expression that continues 
protection even in the absence of the cytokine [6]. 



Therapeutic potential of epoetin alfa in the 
central nervous system 

The experimental findings described above suggest that 
epoetin alfa may have many potential therapeutic uses, 
particularly in the CNS. These include stroke, trauma 
(including surgery and radiotherapy), epilepsy and 
neurodegenerative diseases. Given the excellent safety 
profile of epoetin alfa, clinical trials are warranted to 
determine whether these experimental findings can be 
translated into therapeutic effects in humans. 
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Abstract 

Erythropoietin (Epo) is a hematopoietic growth factor and cytokine which stimulates erythropoiesis. In recent years, Epo has been shown 
to have important nonhematopoietic functions in the nervous system. Nonerythropoietic actions of Epo include a critical role in the 
development, maintenance, protection and repair of the nervous system. A wide variety of experimental studies have shown that Epo and its 
receptor are expressed in the nervous system and Epo exerts remarkable neuroprotection in cell culture and animal models of nervous system 
disorders. In this review, we summarize the current knowledge on the neurotrophic and neuroprotective properties of Epo, the mechanisms by 
which Epo produces neuroprotection and the signal transduction systems regulated by Epo in the nervous system. 
© 2004 Elsevier B.V. All rights reserved. 
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1. Introduction 

Erythropoietin (Epo) was first identified as a hematopoi- 
etic cytokine acting as a survival and differentiation factor 
[43]. It is a 34-kDa glycoprotein that functions as a main 
regulator of erythropoiesis. During fetal development, Epo 
is initially produced in the liver, but shortly after birth, Epo 
production is subsequently shifted to the kidney [43]. 
Circulating Epo binds to its receptor expressed on erythroid 
precursor cells in bone marrow and results in the stimulation 
of erythropoiesis. The role of Epo in hematopoiesis is 
inhibiting apoptosis of erythroid precursor cells and sup- 
porting their proliferation and differentiation into normo- 
blasts [43]. The induction of erythropoiesis results in a 
progressive improvement in the supply of oxygen to tissue. 
In addition, tissue oxygen supply functions as a critical 
hormonal feedback mechanism and a significant modulator 
of oxygen-dependent Epo production and erythropoiesis. 

Epo was isolated from the urine of patients with aplastic 
anemia and Epo DNA probes were constructed from tryptic 



* Corresponding author. Tel.: +90-232-412-46-04; fax: +90-232-259- 

05- 41. 

E-mail address: sermingenc@hotmail.com (S. Gene). 

0006- 8993/$ - see front matter © 2004 Elsevier BiV. All rights reserved, 
doi: 1 0. 101 6/j.brainres.2003. 12;037 



fragments of the isolate and the gene cloned in 1985 [43]. 
Soon, recombinant Epo became available and underwent 
evaluation in clinical trials for patients with end-stage renal 
disease. The US Food and Drug Administration approved 
Epo use in 1 989, and it is now widely used for the treatment 
of anemia associated with renal failure, cancer, prematurity, 
chronic inflammatory disease and human immunodeficiency 
virus infection [43]. 

Epo was thought to be exclusively produced in fetal liver 
and adult kidney. However, several lines of evidences 
suggest that Epo and erythropoietin receptor (EpoR) are 
expressed by other tissues, including the nervous system. 
Different cell types (neurons, glial cells and endothelial 
cells) in the nervous system produce Epo and express EpoR. 
Epo has tissue-specific regulation and multiple actions in the 
nervous system. Epo and EpoR expression change signifi- 
cantly during brain development, thus indicating the impor- 
tance of Epo in neurodevelopment. The cytokine Epo has 
been shown to possess neuroprotective characteristics fol- 
lowing ischemic, hypoxic, metabolic, neurotoxic and exci- 
totoxic stress in the nervous system. Epo acts in a 
coordinated fashion at multiple levels in the nervous system, 
including limiting the production of tissue-injuring mole- 
cules such as reactive oxygen species and glutamate, mod- 
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ulation of neurotransmission, reversal of vasospasm, stimu- 
lation of angiogenesis, attenuation of apoptosis, modulation 
of inflammation and recruitment of stem cells. In this 
respect, the present review focuses on evidence that sug- 
gests Epo has neurotrophic and neuroprotective properties 
in the nervous system. Several mechanisms by which Epo 
produces neuroprotection and signal transduction systems 
regulated by Epo in the nervous system are also outlined. 

2. Role of erythropoietin in neurodevelopment 

Epo and its receptor have been identified in specific areas 
of the embryonic, fetal and adult brain of rodents, nonhu- 
man primates and humans. The presence of Epo and its 
receptor in the developing brain suggests that these mole- 
cules play a role in neurodevelopment. Epo is a general 
morphogen and inducer of neurogenesis during early devel- 
opment [103,109]. During development, Epo is produced 
primarily in the fetal liver and is necessary for embryonic 
survival. Embryos that have deleted or nonfunctional Epo or 
Epo receptors die by embryonic day 13 due to defective 
erythropoiesis in the fetal liver. These mice have other organ 
abnormalities, such as ventricular hypoplasia and increased 
apoptosis in fetal liver, heart and brain. Recently, it has been 
shown that these defects can be corrected in animals 
expressing the EpoR transgene [108]. This finding suggests 
the importance of the Epo/EpoR system during ontogenesis. 
Further support for Epo as a neurotrophic agent during 
development comes from studies of EpoR knockout mice. 
In the absence of EpoR function during embryogenesis, 
there are a reduction in the number of neural progenitor 
cells, decreases in neurogenesis and increased neuronal 
apoptosis compared with wild-type controls. Cultures of 
cortical neurons from these knockout animals also exhibit 
increased sensitivity to low oxygen tension [109]. 



3. Expression of erythropoietin and erythropoietin 
receptor in the nervous system 

It was previously thought that Epo function was unique to 
the hematopoietic system; however, recent studies have 
located functional EpoRs in a wide variety of organs, tissues 
and cells in animal models and in the human. These non- 
hematopoietic cells include endothelial cells [4,79], enter- 
ocytes [46,75], muscle (skeletal, smooth and cardiac) 
[68,74,99,1 03], placental tissues [84], insulin-producing cells 
[35] and neuronal and nonneuronal cells of the nervous 
system. Because Epo functions via activation of specific 
EpoR, evaluation of the distribution of EpoR helps in the 
understanding of the biological effects of Epo in the central 
nervous system (CNS). Both Epo and EpoR are functionally 
expressed in the nervous system of rodents, primates and 
humans. Differences in the structure, function and regulation 
of brain-derived Epo and its receptor compared with their 



somatic counterparts have been identified [65]. When brain 
Epo was compared with serum Epo, brain Epo was smaller in 
size and more active in vitro at low ligand concentrations. 
These differences appear to be caused by the different extent 
of sialylation. 

5.7. In vitro neuronal and glial expression of ery thropoietin 
and erythropoietin receptor 

EpoR has been identified on several neuronal cell lines as 
well as in primary cultures of neurons and glial cells. 
Neuronal expression of Epo has been demonstrated first in 
PC 12 rat pheochromocytoma and SN6 septal cholinergic cell 
lines [64]. Astroglial Epo production has also been verified in 
vitro [65]. EpoR expression has been found on neuronal cells 
[69,96]. In cultured cortical neurons of rats, the expression of 
EpoR has been demonstrated by immunostaining and reverse 
transcriptase-polymerase chain reaction (RT-PCR) [70]. Cy- 
tochemical immunostaining has revealed the expression of 
Epo and its receptor also in rat hippocampal neurons [24]. 
Epo and EpoR messenger RNA (mRNA) are expressed in 
mixed primary cultures of neural tissues and NT2 and hNT 
human neuronal cell lines [48]. Epo was detected by ELISA 
in media removed from mixed neuronal -glial cell cultures, 
and immunohistochemical staining confirmed the presence of 
EpoR on neurons and their supporting cells {48]. Epo mRNA 
expression and Epo production have also been demonstrated 
in cultured human astrocytes [72]. EpoR mRNA expression 
was found in cultured human neurons, astrocytes and micro- 
glia, but not in oligodendrocytes [72], In contrast to human 
oligodendrocytes, rat oligodendrocytes express Epo and 
EpoR mRNA and proteins in vitro [95]. These differences 
may result from in vitro culture conditions or different 
species. 

32. In situ studies showing the expression of Epo and EpoR 
in the nervous system 

Epo and its receptor have been localized in specific areas 
of the embryonic, fetal and adult brain of rats, monkeys and 
humans. Binding studies on adult mouse brain sections 
revealed defined binding sites for radioiodinated Epo in 
distinct brain areas [30]. Major Epo binding sites were 
observed in the hippocampus, capsula interna, cortex and 
midbrain areas. mRNA encoding both Epo and EpoR have 
been detected in mouse brain by RT-PCR [30]. In primates, 
mRNA of Epo and the EpoR gene are present in the 
hippocampus, amygdala and temporal cortex of the primate 
brain [63], Epo and EpoR mRNA have been identified in 
biopsies of the temporal cortex, the hippocampus, cerebellum 
and amygdala in human brain [63]. Spinal cord tissues of 
first- and mid-trimester human fetuses express EpoR mRNA 
[48,59]. The distribution of Epo and EpoR in the CNS 
changes as gestational age increases. EpoR transcripts in 
brain decrease during development falling by birth to less 
than 1-3% of the level in hematopoietic tissue [60]. Undif- 
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ferentiated neuroepithelial cells in human embryos express 
both Epo and EpoR [49]. The expression pattern becomes 
more distinct at later developmental stages with EpoR ex- 
pression in astrocytes and Epo expression in neurons of the 
late fetal brain [49]. The presence of Epo and its receptor in 
developing brain, and their persistence in the mature brain, 
suggest that they play a role in both neurodevelopment and 
brain homeostasis [29,47]. 

In the adult human brain, only a weak expression of Epo 
and its receptor has been reported in neurons and astrocytes 
[49,91]. Similar to many brain regions examined, the frontal 
cortex and hippocampus exhibited intense immunoreactivity 
for EpoR in many medium to large neurons, but in a pattern 
restricted to the somata and proximal dendrites, and capil- 
laries, particularly within the white matter [11]. Certain 
capillaries, especially within white matter, prominently 
express EpoR [11]. Both the endothelial cells and special- 
ized astrocyte that completely invests the brain side of the 
capillary with end-feet possess abundant cytoplasmic and 
surface membrane EpoR protein. Transmission electron 
microscopy confirmed that the predominance of anti-EpoR 
immunoreactivity was located within the astrocytic end-feet 
surrounding the capillaries. In addition, substantial EpoR 
immunoreactivity was observed within or on the surface of 
capillary endothelial cells [11]. 

Immunohistochemistry performed using adult human 
spinal cord sections showed abundant EpoR immunoreac- 
tivity of capillaries, especially in white matter, and motor 
neurons within the ventral horn [19]. Epo immunoreactivity 
occurred within the neuropil surrounding motor neurons in a 
pattern consistent with dendrites. The distribution of Epo 
and EpoR in the spinal cord appears therefore to be of an 
autocrine/paracrine pattern. 

Epo and EpoR are also produced locally in cells of the 
adult rat peripheral nervous system. EpoR has been identi- 
fied in some axons and neuronal cell bodies in the dorsal 
root ganglion (DRG) cells, endothelial cells and Schwann 
cells of normal nerve [15]. The presence of Epo and EpoR 
in axons of normal nerve suggests that they are integral 
components of neuronal function. 

4. Regulation of the Epo and EpoR expression in the 
nervous system 

4.1. Developmental changes 

Epo and EpoR expression change significantly during 
brain development, thus indicating the importance of the 
Epo/EpoR system in neurodevelopment. High EpoR ex- 
pression has been found in embryonic mouse neural 
tissue and brain, reaching levels similar to that observed 
in adult bone marrow [61]. This expression decreases 
significantly during development and maturation of the 
brain, by up to 100-fold after birth [60]. The level of Epo 
in the human nervous system is also variable, with 



elevated production during gestation and reduced produc- 
tion after birth [49]. 

4.2. Oxygen-dependent expression of Epo/EpoR in the 
nervous system 

Epo gene expression in most tissues, including brain, is 
regulated by hypoxia-inducible factor- 1 (HIF-1) that is acti- 
vated by a variety of stressors, including hypoxia [43]. The 
inducibility of Epo gene expression is tissue-specific with the 
strongest effect in kidney and brain, whereas in the uterus, 
Epo mRNA is only induced in the presence of estrogen [22]. 
Thus, Epo expression appears to be regulated in a tissue- 
specific manner, endorsing the tissue-specific functions of 
Epo. It has been demonstrated that astroglial expression of 
Epo is greatly enhanced by hypoxia at the level of mRNA 
[64]. Both Epo and EpoR mRNAs are inducible by hypoxia 
in hippocampal neuronal cultures [58]. The mRNA expres- 
sion of Epo in cultured mouse neurons is greatly enhanced by 
hypoxia and it is completely prevented by cycloheximide, a 
protein synthesis inhibitor [8]. Thus, an oxygen sensing 
system, similar to that identified in hepatoma cell lines and 
the kidney, may control Epo production in both astrocytes 
and neurons. Desferrioxamine and CoCl 2 , two agents known 
to mimic the hypoxic induction of Epo in hepatoma cells, can 
induce Epo mRNA expression in astrocytes and neurons [8]. 
Therefore, as with Epo production in the kidney and fetal 
liver, the effect of hypoxia on Epo production in neuronal 
cells is regulated in part via the transcriptional activator HIF- 
1 . Hypoxia stimulates EpoR mRNA expression also in vivo. 
Expression of Epo and EpoR mRNA is evident in the 
hippocampus of rats exposed to hypoxia [58,90]. The ex- 
pression of Epo and EpoR mRNA in the brain is increased 
after exposure to low oxygen levels [63]. The timing of Epo 
up-regulation in the brain is different than in the kidney; Epo 
mRNA expression peaks 2 h after the onset of continuous 
hypoxia in murine kidneys, decreasing to 30% of the max- 
imum level by 8 h. In contrast, brain Epo mRNA expression 
peaks 4 h after hypoxic stimulation and remains high for 24 
h [22]. 

4.3. Other factors influencing the Epo and EpoR expression 
in the nervous system 

Hypoxia may not be the only relevant stimulus for brain 
Epo production. Other metabolic disturbances, such as 
hypoglycemia or strong neuronal depolarization that gener- 
ate mitochondrial reactive oxygen species, may increase 
cerebral Epo expression through HIF-1 activation [20]. In 
human EpoR transgenic mice, anemic stress induces ex- 
pression of the transgene and endogenous EpoR gene in 
hematopoietic tissue and brain [23]. 

Epo mRNA expression by cultured astrocytes is stimulat- 
ed by insulin and insulin-like growth factors in a dose- 
dependent manner. Insulin and insulin-like growth factors 
are abundantly expressed in the CNS, but the physiological 
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importance of their stimulatory effect on Epo production in 
the brain is not known [66]. In vitro Epo expression by 
astrocytes is down -regulated after exposure to inflammatory 
cytokines such as interleukin-ip, interleukin-6 (1L-6) and 
tumor necrosis factor-a (TNF-a) [72]. 

4.4. Altered expression of Epo and EpoR after nervous 
system injury 

The induction of both Epo and EpoR gene expression 
by hypoxia suggest that Epo could act on the CNS as a 
neurotrophic and neuroprotective factor, particularly in 
conditions of neural damage, such as hypoxia, ischemia 
or brain hemorrhage. Marked changes in Epo and EpoR 
gene expression have been reported to occur in brain tissue 
after ischemic injury [7,82]. An induction of EpoR gene 
expression in the ischemic penumbra after middle cerebral 
artery occlusion has been reported [82]. Bernaudin et al. 
[7] described, for the first time, a temporal and spatial 
cellular expression of Epo and EpoR with the evolution of 
a cerebral infarct after focal permanent ischemia in mice. 
In addition to a basal expression of Epo in neurons and 
astrocytes, a post-ischemic Epo expression has been local- 
ized specifically to endothelial cells (1 day), microglia/ 
macrophage-like cells (3 days) and reactive astrocytes 
(7 days after occlusion) [7]. 

In normal human brain, weak Epo/EpoR immunoreac- 
tivity is mainly neuronal [91]. Expression of EpoR is up- 
regulated in blood vessels, neurons and astrocytes following 
acute ischemic injury in human brain and remains increased 
in reactive glia in older ischemic infarcts (>38 days after 
stroke) [91]. In fresh cerebral infarcts, Epo immunoreactiv- 
ity appears in vascular endothelium and EpoR in micro- 
vessels and neuronal fibers. In older infarcts, reactive 
astrocytes exhibit Epo/EpoR immunoreactivity. Acute hyp- 
oxic brain damage is associated with vascular Epo expres- 
sion. The pronounced up-regulation of Epo/EpoR in human 
ischemic/hypoxic brains underlines their role as an endog- 
enous neuroprotective system [91]. Other stressors, such as 
epileptic seizures, also dramatically stimulate up-regulation 
of EpoR within the cerebral microvasculature [10]. 

Epo expression is up-regulated in the rat sciatic nerve, 
particularly in Schwann cells after painful chronic constric- 
tion injury neuropathy model [15]. In contrast to this, in crush 
injury model having many TUNEL-labeled DRG cell bodies 
and mechanical hyperalgesia, EpoR was down- regulated in 
small and large mechanosensitive neurons [15]. 



5. Neuroprotective effect of erythropoietin in the 
nervous system 

Recombinant human Epo (rhEpo) treatment has a bene- 
ficial effect on brain function, as demonstrated by findings 
from neuropsychological tests and electrophysiological 
evaluation [73]. This improvement is correlated with a 



progressive increase in the hematocrit level and therefore 
with the correction of the hypoxic state of the brain. If 
anemia is corrected, and the hematocrit levels return to 
normal, a further improvement in neurocognitive function 
has been reported [76]. However, several studies in vitro and 
in vivo have shown that Epo could also have a direct 
neurotrophic and neuroprotective effect. 

5.7. In vitro studies 

Epo has been recognized as the main regulator of 
erythropoiesis and was thought to be exclusively produced 
in fetal liver and adult kidney. However, there is growing 
evidence that Epo, like other hematopoietic factors, is also 
implicated in the CNS. Some hematopoietic factors, includ- 
ing Epo, act on central cholinergic neurons as neurotrophic 
factors, influencing their differentiation, survival and regen- 
eration [53]. Epo increases the choline-acetyltransferase 
activity of the septal cholinergic cell line SN6 as well as 
in primary cultured septal neurons in vitro [96]. Epo rapidly 
increases the cytosolic concentration of free calcium, indu- 
ces membrane depolarization, increases dopamine release, 
nitric oxide (NO) production and tyrosine hydroxylase 
activity and increases cell viability of differentiated PC 12 
cells in the absence of serum and nerve growth factor 
[54,64]. This increased viability is dose dependent, Epo 
specific and calcium mediated, as it is abolished by anti-Epo 
antibody and nicardipine [54]. Epo protects primary cultures 
of neurons from glutamate neurotoxicity in a dose-depen- 
dent manner and maximal protection occurs when cells are 
pretreated for 8 h, suggesting RNA and protein synthesis are 
necessary for this protection [70]. Moreover, in these 
neuronal cells, Epo produces a rapid and transient increase 
in intracellular calcium that is necessary for neuroprotection 
because blockade of calcium influx blocks these effects. 
Specificity and biological relevance in this system have 
been demonstrated by the observation that neutralization of 
endogenous Epo with soluble EpoR prevents Epo-induced 
protection against glutamate toxicity [70]. 

A specific neurotrophic sequence of 17 amino acids 
within the Epo molecule has been identified which triggers 
differentiation, increases choline-acetyltransferase activity 
and prevents cell death in both murine NS20Y and human 
SK-N-MC neuroblastoma cell lines, but does not promote 
the proliferation of erythropoietic cell lines or mouse pri- 
mary spleen cells [16]. This activity is blocked by the 
addition of an antibody to the extracellular domain of the 
EpoR, indicating that the effects are EpoR mediated. In a 
model of cerebral ischemia in vitro, comprising hypoxia and 
glucose deprivation, Epo protects cultured neurons, but not 
astrocytes, from death [81,88]. Epo treatment of cultured 
hippocampal neurons from newborn rats at the onset of 
hypoxia can prevent neuronal death [58]. Epo shows similar 
effects in human neuroblastoma cells [48]. The viability of 
primary rodent embryonic cortical neurons was further 
increased by Epo stimulation [109]. 
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The promoting effect of Epo on the differentiation and 
maturation of rat oligodendrocytes has been reported [95]. 
These findings suggest that Epo might affect the ability of 
oligodendrocyte lineage cells to promote myelin repair in 
the normal and damaged adult CNS. 

5.2. In vivo studies 

Multiple models of nervous system injury (mouse, rat, 
gerbil and rabbit) have been used to demonstrate the 
effectiveness of Epo as a neuroprotective agent, including 
focal and global cerebral ischemia [7,11,14,18,34,82,83], 
experimental autoimmune encephalomyelitis (EAE) [1,11], 
kainic acid-induced seizures [13], experimental traumatic 
brain injury [11], neurotoxin-induced experimental Parkin- 
sonism [37], neonatal hypoxic- ischemic brain injury [55], 
subarachnoid hemorrhage (SAH) [2,40], spinal cord ische- 
mia [19] and injury [34,39,50], retinal ischemia [41,45] and 
peripheral nerve injury [34,42]. Epo prolongs the survival of 
septal neurons in rats with cholinergic-septal neuronal 
lesions produced by fimbria-fornix transactions in vivo 
[96]. When Epo was locally injected into mice, the frequen- 
cy of motor end plate sprouting in adjacent muscles in- 
creased [16]. To varying degrees, all studies have shown 
that Epo treatment decreases the structural damage resulting 
from experimental brain injury and, where investigated, 
improves neurological function. 

5.2.7. Cerebral and spinal ischemia models 

Many experimental studies have shown that Epo has a 
neuroprotective effect during cerebral ischemia. Intraven- 
tricular administration of rhEpo preserved place navigation, 
limited the degree of cortical infarction and supported 
neuronal survival in the thalamus of stroke-prone spontane- 
ously hypertensive rats with permanent occlusions of the 
middle cerebral artery [82]. Epo ameliorated neuron survival 
in an experimental model of cerebral ischemia in the gerbil 
[83]. Infusion of Epo into the lateral ventricles of gerbils 
prevented ischemia-induced learning disability and rescued 
hippocampal CA1 neurons from lethal ischemic damage. 
Specificity and biological relevance in this study have been 
demonstrated by the observation that neutralization of en- 
dogenous Epo with soluble EpoR augments ischemic brain 
damage in vivo [83]. It thus appears that endogenous Epo 
plays a critical role in neuronal survival after ischemic injury. 
In a similar study, treatment with Epo significantly reduced 
delayed neuronal death in the CA1 area of the hippocampus 
and prevented cognition impairment in the passive avoid- 
ance test. These data indicate that Epo neuroprotective 
effects in brain ischemia are associated with the preservation 
of learning function [18]. Systemic administration of Epo 
also significantly reduced hippocampal CA1 neuronal loss in 
the gerbil model [14]. Intraventricular injection of recombi- 
nant mouse Epo significantly reduced infarct volume in mice 
with focal permanent cerebral ischemia induced by perma- 
nent occlusion of the left middle cerebral artery [7]. These 



studies confirm that Epo plays a role in the brain response to 
ischemia, and it may be of therapeutic value in patients with 
stroke [33]. It is important to establish whether or not 
systemically administered rhEpo can cross the blood -brain 
barrier (BBB) since intrathecal administration is not a 
practical approach in most clinical settings. In a recent study, 
it was demonstrated that systemically administered rhEpo 
crossed the BBB and significantly reduced tissue damage in 
an ischemic stroke animal model, even when it was admin- 
istered 6 h after the induction of stroke [11]. Although the 
BBB is considered impermeable to large molecules, recent 
studies clearly demonstrate that some high-molecular mass 
molecules can be specifically transported into the brain 
across the capillary endothelium. Two different types of 
EpoR have been found in the cerebral capillary endothelium 
[104]. It has therefore been suggested that circulating Epo 
could bind to these receptors, which are present on the 
luminal surfaces of the endothelial cells. This would initiate 
endocytosis, followed by translocation into the brain. If so, 
systemically administered rhEpo could directly reach the 
brain, providing protection against brain injury. Early in vivo 
studies testing Epo as a neuroprotective agent administered 
Epo intraventricularly in order to bypass the BBB. The 
ability of Epo to penetrate the BBB is pivotal to its applica- 
tion as a neurotherapeutic agent in clinical settings because 
intrathecal administration is impractical. When given at 
doses appropriate for erythropoiesis (200-400 U kg" 1 per 
dose), Epo does not cross the BBB in detectable amounts 
[47]; however, when given in suprapharmacological doses 
(2000-5000 U kg"* 1 per dose), Epo can cross to rat CNS as 
demonstrated by biotinylated Epo [11]. High-dose Epo, 
when given systemically, crosses the intact BBB, producing 
cerebrospinal fluid concentrations ranging from 50 to 350 
mU ml" 1 at 3-3.5 h following injection in adult rodents and 
nonhuman primates [47]. The pharmacokinetics of system- 
ically administered Epo under conditions of CNS injury and 
disruption of the BBB should be clarified. 

Additional evidence has shown widespread efficacy of 
rhEpo in injury models of the spinal cord. Both an acute as 
well as a delayed beneficial action of systemically admin- 
istered Epo has been reported in rabbit ischemic spinal cord 
injury [19]. 

5.2.2. Subarachnoid hemorrhage model 

The neuroprotective effect of Epo was observed in 
experimental SAH. Epo administration immediately after 
experimental SAH effectively reduced the mortality rate and 
enhanced functional recovery [40]. Epo has a neuroprotec- 
tive effect in SAH because it can attenuate acute vasocon- 
striction and prevent brain ischemic damage that frequently 
follows SAH. Intraperitoneal administration of rhEpo at a 
dose of 1000 U kg" 1 significantly reversed the vasocon- 
striction of the basilar arteries and decreased the amount of 
necrotic neurons compared with untreated animals [2,40]. 
Epo may reverse acute vasoconstriction and reduce ischemic 
neuronal damage by enhancing the endothelial release of 
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NO during the early stages of SAH. An acute decrease in 
cerebral NO levels after SAH has been reported [85]. Epo 
increases NO synthase (NOS) activity in neuronal and 
endothelial cells [6,54]. Moreover, rhEpo may act directly 
on cerebral arteries by binding to specific endothelial 
receptors, thus exerting a competitive effect in the control 
of the cerebrovascular tone [12]. In fact, a single subcuta- 
neous bolus of Epo normalizes cerebral blood flow autor- 
egulation after SAH in rats [93]. 

5.3. Experimental autoimmune encephalomyelitis model 

The effect of systemic Epo on the inflammatory compo- 
nent of acute and chronic EAE has been evaluated in Lewis 
rats [1,11]. In acute EAE, administration of Epo intraper- 
itoneally and daily from day 3 after immunization with 
myelin basic protein delayed the onset of EAE and de- 
creased its clinical score at peak time (days 12-13). In this 
model, Epo markedly diminished inflammation, delayed the 
increase of TNF-a levels, without altering their peak levels, 
and markedly reduced those of IL-6. These data suggest that 
Epo might act as a protective cytokine in inflammatory 
pathologies of the CNS [ 1 ] . 

5.4. Spinal cord injury models 

Epo significantly improves functional outcome in com- 
pression and contusion models of spinal cord injury in rats 
[39]. In the contusion model of more severe spinal cord 
injury, secondary inflammation was also markedly attenu- 
ated by Epo administration [39] and protection has been 
confirmed by electron microscopy [50]. Asialoerythropoie- 
tin (asialoEpo), generated by total enzymatic desialylation 
of rhEpo, has beneficial effect in the compression model of 
experimental spinal cord injury [34]. 

5.4.1. Peripheral nerve injury models 

In a unilateral sciatic nerve transection model in neonatal 
rats, systemically administered Epo for 2 weeks significant- 
ly prevented the loss of motor neurons [42]. A single dose of 
asialoEpo significantly decreased functional loss in the 
sciatic nerve crush model in adult rats [34]. These findings 
suggest the potential use of Epo in treating diseases that 
involve degeneration and death of motor neurons, such as 
motor neuropathy and amyotrophic lateral sclerosis. 

5.4.2. Retinal ischemia models 

In a model of transient global retinal ischemia induced by 
raising intraocular pressure, which is a clinically relevant 
model for retinal diseases, systemic administration of Epo 
before or immediately after retinal ischemia reduces histo- 
pathological damage and apoptotic cell death and promotes 
functional recovery as assessed by electroretinography [45], 
Neutralization of endogenous Epo with soluble EpoR exac- 
erbates retinal ischemic injury, suggesting a crucial role for 
an endogenous Epo/EpoR system in the survival and recov- 



ery of neurons after an ischemic insult. Systemically applied 
Epo crosses the blood retina barrier and prevents apoptosis 
even when given therapeutically after light insult of adult 
mouse retina [41]. Thus, Epo may, through the inhibition of 
apoptosis, be beneficial for the treatment of different forms 
of retinal disease. 



6. Mechanisms of erythropoietin neuroprotection 

Questions about the mechanisms by which Epo is 
neuroprotective have not been fully answered. Epo may 
act in a coordinated fashion at multiple levels, including 
limiting the production of tissue-injuring molecules such as 
reactive oxygen species and glutamate, reversal of vaso- 
spasm, stimulation of angiogenesis, attenuation of apopto- 
sis, modulation of inflammation and recruitment of stem 
cells. Thus, Epo may protect neurons by a combination of 
these mechanisms. 

The EpoR belongs to the cytokine receptor superfamily 
for which substantial information concerning signaling 
biology exists [107]. Therefore, not only is it possible that 
Epo may have some of the same functions as in hemato- 
poiesis, it may also use some of the same signaling path- 
ways. When Epo binds EpoR, it causes dimerization of the 
receptor, autophosphorylation of Janus-tyrosine-kinase-2 
(JAK-2) and receptor activation (Fig. 1). 

JAK-2 activation leads to several downstream signaling 
pathways including Ras-mitogen activated protein kinase 
(MAPK), phosphatidylinositol-3-kinase [PI(3)K] and the 
transcription factor signal transducers and activators of 
transcription 5 (STAT-5) (Fig. 1). The net effect of EpoR 
stimulation in the target cell is proliferation, inhibition of 
apoptosis and differentiation [107]. Receptor inactivation is 
mediated by SHP-1 dephosphorylation [44]. 

Distinct intracellular signaling cascades that have been 
characterized in hematopoietic cell lines are functional in 
neurons [90]. Even more importantly, these pathways are 
crucial for the neuroprotective effect of Epo since specific 
inhibitors of MAPK and PI(3)K pathways largely abolish the 
Epo-induced protection against hypoxia-induced cell death 
[90]. Epo acts through the EpoR, enhancing the phosphory- 
lation of the MAPK and inducing tyrosine phosphorylation of 
JAK-2 [15,16]. These signaling mechanisms have been 
shown to be involved in the cytoprotective effects of other 
growth factors such as that of brain-derived neurotrophic 
factor and vascular endothelial growth factor (VEGF) [89]. 
Interaction between the JAK-2, STAT-5 and the nuclear 
factor-KB (NFkB) signal transduction systems in neurons 
has recently been demonstrated [31]. Epo stimulation pro- 
duces a dose-dependent increase in nuclear NFkB and 
concomitant decrease in cytoplasmic NFkB, and these effects 
were required for neuroprotection. JAK-2 phosphorylation 
was also required for nuclear translocation of NFkB and for 
Epo-mediated neuroprotection in this system (31]. However, 
these interactions between signaling pathways have not been 
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Fig. 1 . A schematic illustration of intracellular signaling events resulting from Epo binding to the EpoR in neuronal cells is shown. Epo binding to its receptor 
activates intracellular signaling through a conformational change that leads to phosphorylation of JAK-2. Phosphorylation of JAK-2 mediates phosphorylation 
of STAT-5, PI(3)K, MAPK and inhibitor of the transcription factor NFkB (IkB). NFkB dissociates from IkB. STAT-5 and NFkB translocate to the nucleus and 
bind to DNA, promoting and expression of neuroprotective genes such as bcl-XL and bcl-2. EpoR inactivation is mediated by SHP-1 dephosphorylation. Epo: 
Erythropoietin; EpoR: erythropoietin receptor, JAK-2: Janus-tyrosine kinase-2; STAT-5: signal transducer and activator of transcription -5; NFkB: nuclear 
factor-«B; MAPK: mitogen-activated protein kinase; PI(3)K: phosphatidyl inositol -3 -kinase; IAP: inhibitor of apoptotic protein. 



demonstrated in erythroid cell lines [24]. In addition, signal- 
ing events addressed in the context of Epo mechanisms 
exhibit complexity in different systems and have dual roles 
in cellular processes such as apoptosis [24,31]. 

Epo regulates a variety of neural cell functions, including 
calcium flux, membrane depolarization and neurotransmitter 
synthesis, as well as cell survival. Epo increases synaptic 
transmission in hippocampal slice cultures, and this effect is 
blocked by a JAK2 inhibitor [1 00]. This finding suggests that 
Epo improves synaptic transmission during and following 
ischemia in hippocampal slice cultures. Epo may be involved 
in synaptic plasticity via the inhibition or stimulation of 
various neurotransmitters. Epo stimulates dopamine release 
and tyrosine hydroxylase activity in PC 12 cells, through the 
activation of calcium channels, induces membrane depolar- 
ization, stimulates MAPK activity and increases NO synthe- 
sis [54]. Since NO is reported to stimulate the release of 
different neurotransmitters, such as 7-aminobutyric acid, 
dopamine and acetylcholine, it has been suggested that Epo 
may also partly stimulate neurotransmitter release by induc- 
ing NO production. However, Epo stimulates the release of 
dopamine and acetylcholine from hippocampal and striatal 
slices in rats, but this occurs independent of NO production 
[105]. Epo and Epomimetic peptide 1, an EpoR agonist, 
inhibit the calcium-induced release of dopamine from PC 12 
cells, by activating JAK2, which is known to be linked with 
EpoR [51]. These discrepancies between studies may result 
from the use of different culture systems. Similar to signaling 



events mentioned above, NO exhibits dual properties in 
physiologic and pathological conditions in the nervous sys- 
tem. NO is a transmitter and immunomodulator and is 
implicated in an enormous number of biological functions 
both in physiological and pathological conditions. Often, it is 
not clear if it plays a deleterious or beneficial role. There is 
still a demand for a detailed analysis of the effect of Epo on 
NO production from different cellular sources and the ex- 
pression of different isoforms of NOS both in physiological 
and pathological conditions. 

Epo reduces calcium-induced glutamate release from 
cultured cerebellar granule neurons [52]. EpoR activation 
protects hippocampal neurons from ischemic neuronal dam- 
age through the inhibition of glutamate release via exocy- 
tosis in hippocampal slice cultures. Activation of EpoR 
attenuates calcium-induced glutamate release from cerebel- 
lar granule cells and hippocampal neurons possibly through 
activation of JAK2 tyrosine kinase. It has been reported that 
exposure to Epo for at least 8 h before the excitotoxic insult 
is required for protection from glutamate toxicity, and 
protection is dependent on RNA and protein synthesis 
[70]. However, Epo confers protection very quickly by 
inhibiting presynaptic functions [52]. Thus, the activation 
of EpoR appears to protect neurons from ischemic damage 
through at least two distinct mechanisms, and presynaptic 
and postsynaptic mechanisms are likely to be involved in 
inducing protection in the early and late phases of ischemia, 
respectively. Recently, it has been demonstrated that Epo 
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stimulates the activity of T-type voltage-dependent calcium 
channels [5]. Patch-clamp studies of the human neuroblas- 
toma cell line SK-N-MC cells confirmed the expression of 
T-type Ca 2 + channels, whose peak macroscopic current was 
increased by the addition of Epo to the bathing medium, and 
confocal laser scanning microscopy analysis of these cells 
confirmed a transient increase in intracellular free [Ca 2 + ] in 
response to externally applied rhEpo [5]. Thus, Epo can 
interact with neuronal cells by affecting Ca 2 + homeostasis 
through an increase in Ca 2+ influx via plasma membrane 
T-type voltage-dependent Ca 2 + channels. The EpoR domain 
required for calcium channel activation has been identified 
[67]. It has been suggested that many functions of Epo in the 
nervous system may be mediated by activation of calcium 
channels [56,70]. The addition of Epo to PC12 neuronal 
cells results in an increase of intracellular Ca 2 * and mono- 
amine concentrations [64]. 

Another mechanism that may contribute to the cytopro- 
tective potential of Epo is antioxidation. It has been proposed 
that suppression of formation of NO-mediated free radicals 
or antagonism of their toxicity underlies the neuroprotective 
effect of Epo [83], Epo may exert its neuroprotective action 
by reducing the NO-mediated formation of free radicals or 
by antagonizing their toxicity [14,54]. Epo may increase the 
activity of antioxidant enzymes, such as superoxide dismu- 
tase, glutathione peroxidase and catalase, in neurons, thus 
protecting the brain parenchyma from ischemic damage. An 
antioxidant action of Epo is further supported by the findings 
that Epo protects against oxidative damage via inhibition of 
lipid peroxidation and by restoration of cytosolic catalase 
and glutathione peroxidase activities in erythrocytes [21]. 
Systemic posttreatment with Epo reduced post-ischemic 
lipid peroxidation in a global cerebral ischemia model of 
gerbils, ischemia-perfusion-induced fetal oxidative damage 
and experimental spinal cord injury [14,50,92]. Epo 
increases glutathione peroxidase activity in cultured mouse 
astrocytes [38]. 

Evidence for an intrinsic anti-apoptotic brain Epo release 
is provided by the findings that intracerebral infusion of 
soluble EpoR to neutralize endogenously produced Epo 
resulted in massive CA1 neuronal apoptosis after mild 
nonlethal global cerebral ischemia [83]. 

Exogenous Epo may reduce the brain ischemia area by 
protecting endothelial and neural cells from apoptotic cell 
death [7]. Recent studies confirm the anti-apoptotic effect of 
Epo in a variety of in vitro and in vivo neuronal injury 
models [19,39,41,45,48,56,90]. In cultured rat motoneur- 
ons, Epo inhibited apoptosis induced by serum deprivation 
or kainic acid exposure [90]. Protection in this system 
required pretreatment with Epo, consistent with the induc- 
tion of a gene expression program [90]. Activation of 
neuronal EpoR prevents apoptosis induced by iV-methyl- 
D-aspartate (NMDA) or NO by triggering cross talk between 
JAK-2 and NFkB [31]. Epo also prevents spontaneous 
apoptosis in rodent microglia cultures [97]. Epo may exert 
its anti-apoptotic effect via the differential regulation of the 



expression of genes involved in the apoptotic process [24]. 
Epo modulates a series of death-related cellular pathways 
during anoxia and free radical induced neuronal injury in 
vitro [28]. Through pathways that involve the initial activa- 
tion of protein kinase B, Epo maintains mitochondrial 
membrane potential. Subsequently, Epo inhibits caspase 
8-, caspase 1-, and caspase 3-like activities linked to 
cytochrome c release [25,28]. In free-radical injury model, 
Epo modulates neuronal apoptotic membrane phosphatidyl- 
serine (PS) expression, increases Aktl activity, phosphor- 
ylates pro-apoptotic Bad protein and maintains neuronal 
nuclear DNA integrity through the downstream modulation 
of mitochondrial membrane potential, cytochrome c release 
and caspase 1-, 3- and 8-like activities [25]. A microarray 
study showed that Epo causes changes in the expression of 
genes involved in cell proliferation, cell differentiation and 
cell survival in differentiated PCI 2 cells [78]. A number of 
genes that have been previously implicated in Epo signaling 
in hematopoietic cells were also found to be regulated by 
Epo in neuronal cells. Epo consistently increases the 
expression of the anti-apoptotic gene bcl-XL and decreases 
the expression of pro-apoptotic gene bak in PC 12 cells. 
These findings suggest that the neuroprotective effects of 
Epo may involve controlling the balance of expression 
between pro- and anti-apoptotic molecules [78]. Epo is able 
to shift the Bcl/Bax ratio towards a net anti-apoptotic effect 
in cultured microglia [97]. It also up-regulates bcl-XL 
mRNA and protein expressions in cultured neurons [101]. 
Epo rescued hippocampal CA1 neurons from lethal ische- 
mic damage and up-regulated the expressions of bcl-XL 
mRNA and protein in the hippocampal CA1 field of 
ischemic gerbils. Thus, Epo prevents delayed neuronal 
death of hippocampal neurons, possibly through up-regula- 
tion of bcl-XL, which is known to facilitate neuronal 
survival [101]. 

Stimulation of neovascularization is another potentially 
protective mechanism activated by Epo that may help 
preserve perfusion in metabolically compromised tissue as 
brain endothelial cells express EpoR and respond to Epo 
treatment with proliferation [62,104]. Moreover, angiogen- 
esis after Epo treatment has been reported in vitro and in 
vivo [13,22,79,106]. Epo and EpoR expression are up- 
regulated by vascular endothelium, as well as by neurons 
and glial cells after infarction in the human brain, suggesting 
a role for Epo and its receptor in the vascular response to 
brain injury [91]. Epo may modulate angiogenesis in the 
ischemic brain, thus improving the blood flow and tissue 
oxygenation in the border zone of the ischemic area. [62]. 
Functional EpoR is present on endothelial cells [4,17, 
71,104] and stimulation of endothelial cells by rhEpo 
induces a proangiogenic phenotype which includes the 
production of proteases (which enhance the ability of cells 
to migrate), increased cell migration and cell proliferation 
followed by redifferentiation [80]. Epo also interacts syner- 
gistically with VEGF, a potent angiogenic factor, to poten- 
tiate its vascular activity, and these two growth factors, both 
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of which are regulated by HIF-1, often co-distribute [3]. Epo 
prevents anoxia-induced vascular injury in endothelial cells 
[27]. Protection by Epo is dependent on the activation of 
protein kinase B (Aktl) and the maintenance of mitochon- 
drial membrane potential. Epo inhibits caspase 8-, caspase 
1- and caspase 3 -like activities that were linked to mito- 
chondrial cytochrome c release in this model [26]. 

The actions of Epo are not limited to directly influencing 
cell survival, as Epo is trophic in cultured neuronal cells 
[16,53,90,96]. These findings suggest that inhibition of 
neuronal apoptosis underlies short latency protective effects 
of Epo following cerebral ischemia and other brain injuries. 
The neurotrophic actions implicate longer-latency effects as 
well. Reactive astrocytes in older ischemic lesions express 
Epo immunoreactivity emphasizing the regenerative and 
secondarily preventive potential of Epo in addition to its 
early neuroprotective effects [89,91]. 

Another possible mechanism that is responsible for the 
long-latency effects may be modulation of neurogenesis. 
Epo may function in the control of proliferation and 
differentiation of neuronal stem cells. Its receptors are 
expressed in the embryonic germinal zone during neuro- 
genesis as well as in the adult subventricular zone, which 
continues to generate neurons throughout adulthood [87]. 
Cultured neural stem cells under hypoxia produce two- to 
threefold more neurons and this is associated with an 
elevation in Epo mRNA expression. Epo infusion into 
the adult rat lateral ventricles results in a decrease in the 
numbers of neural stem cells in the subventricular zone, an 
increase in newly generated cells migrating to the olfactory 
bulb and an increase in new olfactory bulb interneurons. 
These findings suggest that Epo is capable of regulating the 
production of neuronal progenitor cells by forebrain neural 
stem cells [87]. It has also been demonstrated that Epo is a 
mediator for dopaminergic neuron differentiation from 
CNS precursors under low oxygen conditions [94]. Epo 
mediates ascorbate-induced dopaminergic differentiation 
from embryonic mesencephalic precursors [57]. 

An anti-inflammatory effect has also been attributed to 
Epo in the light of in vivo studies [1,11,19,39]. EpoR has 
been demonstrated in polymorphonuclear leukocytes [86] 
and Epo decreases pro-inflammatory cytokine production 
and inflammation in cerebral ischemia and EAE [1,98]. 
However, Epo does not affect the pro-inflammatory function 
of microglial cells in vitro [97]. Epo modulates neuronal 
apoptotic membrane PS exposure necessary for microglial 
activation primarily through the regulation of caspase 1 
[25]. Thus, Epo offers extrinsic protection through the 
inhibition of cerebral microglial activation and the suppres- 
sion of microglial PS receptor expression for the prevention 
of neuronal phagocytosis. 

When a stimulus that is capable of causing injury to a 
tissue is applied close to the threshold of damage, endog- 
enous protective mechanisms are activated, thus potentially 
lessening the impact of subsequent, more severe stimuli. For 
example, a subthreshold ischemic or hypoxic insult applied 



to the brain activates certain cellular pathways that reduce 
the damage caused by subsequent ischemic episodes. This 
phenomenon is referred to as ischemic and hypoxic pre- 
conditioning or tolerance and may provide an opportunity to 
use these endogenous mechanisms in the clinic to treat 
patients with stroke and other CNS disorders [32,36]. 
Recent in vitro and in vivo studies suggest that Epo is an 
essential mediator of ischemic and hypoxic preconditioning. 
Hypoxia elicits a delayed, short-lasting tolerance to focal 
permanent ischemia in the adult mouse brain, and HIF-1 
target genes (Epo and VEGF) could contribute to the 
establishment of tolerance [9,77]. Signaling cascades that 
mediate ischemic -hypoxic preconditioning have been pro- 
posed from a recent in vitro study of an oxygen -glucose 
deprivation model [81]. After HIF-1 activation by hypoxia 
in the astrocytes, these cells express and release Epo. Epo 
activates the neuronal Epo receptor and, subsequently, 
JAK-2 and PI(3)K. PI(3)K deactivates pro-apoptotic Bad 
protein via Akt-mediated phosphorylation and so may 
inhibit hypoxia-induced apoptosis in neurons. Thus, Epo 
synthesized by hypoxic astrocytes may mediate the protec- 
tive phenomenon of preconditioning in the nervous system 
in which exposure to a brief, nontoxic episode of ischemia 
increases the resistance of neurons to subsequent more 
severe insults [81]. 

Although current literature cited in this section pro- 
vides some implications on the mechanisms of Epo 
neuroprotection, further studies are needed to reveal exact 
causal relationship between these mechanisms and Epo 
neuroprotection. 

7. Use of erythropoietin as a neurotherapeutic agent in 
humans 

Evidence from cell culture and animal experiments sys- 
tematically reviewed above indicates a neuroprotective func- 
tion for Epo. Neuroprotection as a tool to prevent or oppose 
neuronal loss in CNS disorders with various pathophysio- 
logical origins, such as cerebral ischemia, hypoxia, trauma 
and inflammatory and neurodegenerative diseases, repre- 
sents a novel therapeutic approach. This approach is sup- 
ported by a large body of experimental evidence on cell 
culture and experimental animal studies demonstrating ben- 
eficial effects of growth factors on neuronal survival and 
functional recovery. However, the clinical use of neuro- 
protective agents has been hampered by the toxicity of many 
of the growth factors that have proved to be efficient neuro- 
protective agents in animal studies [89]. Thus, safe and well- 
tolerated neuroprotective agents are still wanted in the 
clinical neuroscience area. rhEpo is an extremely well- 
tolerated compound, used in millions of patients [43]. This 
strongly supports evaluation of Epo for neuroprotective 
therapies in the clinical setting. The therapeutic potential of 
Epo ranges from acute and chronic neurodegenerative dis- 
eases (stroke, Parkinson's disease, Alzheimer disease, amyo- 
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trophic lateral sclerosis, multiple sclerosis, neurotrauma and 
perinatal asphyxia) to psychiatric disorders such as schizo- 
phrenia, where neurodegenerative processes are likely to 
contribute to the pathophysiology of the disease [89]. A 
recent double-blind randomized proof-of-concept clinical 
trial has demonstrated significant improvement in outcome 
of stroke patients who were administered rhEpo intravenous- 
ly within 8 h of the onset of symptoms [33]. No safety 
concerns were identified in this study. In addition, a phase I 
trial, funded by National Institutes of Health, using high- 
dose rhEpo to treat asphyxiated newborns has begun [47]. 

A potential problem in the chronic use of Epo for 
neurodegenerative disorders will be the undesirable eryth- 
ropoietic side effects [102]. The need for nonerythropoietic 
rhEpo derivatives still retaining neuroprotective action has 
led to the discovery of asialoEpo, generated by total 
enzymatic desialylation of rhEpo [34]. The strategy to 
develop derivatives of rhEpo lacking erythropoietic activity, 
but retaining neuroprotective potential, may allow for 
multiple and chronic usage of Epo in neurodegenerative 
disorders. 

In conclusion, recent studies in the past decade suggest 
that Epo is a potential novel neurotherapeutic agent and 
further clinical studies are warranted. 
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